. As such, CENP-E is likely to the spindle, the checkpoint is satisfied, the APC is debe at least one of the components that directly tether repressed, and the metaphase-anaphase transition is spindle microtubules to the kinetochore. (Yao et al., 2000) leads to a profound mitotic arrest with misaligned chromosomes, some of which apparently continue to generate the checkpoint stop signal, as evidenced both by the mitotic arrest and by the continued presence at kinetochores of components such as MAD2. All of these combine to support the view that CENP-E is required for stable, bioriented attachment of microtubules to kinetochores. Thus, at a minimum, through its role in microtubule capture, CENP-E is involved in satisfying the checkpoint, whose activation early in mammalian mitosis is a normal event that occurs immediately after nuclear envelope disassembly.
To examine more closely how CENP-E participates in establishing, maintaining, and silencing the mitotic checkpoint, we used Xenopus egg extracts that repro- release to the CSF arrest. At the indicated times, aliquots were removed and subjected to SDS-PAGE and autoradiography. Figure 1A ) to determine how absence of CENP-E affects the establishment and maintenance the chromosome/cytoplasm ratio present at the midblastula transition (the time of appearance of the checkof the checkpoint in response to spindle damage. High numbers of sperm were added, followed by nocodazole point during normal development) (Minshull et al., 1994) . Because the assembly of spindles from the added nuclei (for 30 min) to disrupt spindle microtubule assembly, and the presence of an activated checkpoint was asis not completely synchronous, the presence of an activated checkpoint can be most conveniently assayed sessed by chromosome decondensation and CDC2/ cyclin B (cyclin-dependent kinase [CDK]) histone kinase first by using an endogenous activity known as cytostatic factor (CSF) to synchronize all spindles at metaactivity ( Figure 1B Figure  1B ) or chromosome condensation (not shown), quantitative depletion of CENP-E from these extracts before sperm addition led to rapid loss of H1 kinase activity, chromosome decondensation, and nuclear envelope reassembly.
Results

CENP-E Is
Because it had been previously shown that APCmediated destruction of securin is required for sister chromatid separation to occur at anaphase, we examined whether securin degradation, as well as loss of CDK activity, was CENP-E dependent after microtubule disruption. High sperm numbers were added to CENP-Edepleted or mock-depleted CSF-arrested extracts. After incubation in the presence of nocodazole for 30 min, CSF was released by addition of calcium in the presence of 35 S-labeled recombinant securin. At 0, 30, and 60 min after release from CSF arrest, aliquots of extract were removed and analyzed by SDS-PAGE and autoradiography. As shown in Figure 1C , securin was stable after checkpoint activation by nocodazole in mock-depleted extracts. However, consistent with failure to activate the checkpoint after depletion of CENP-E, securin was rapidly and quantitatively degraded from similarly treated CENP-E-free extracts, confirming that CENP-E is required for checkpoint-mediated inhibition of sister chromatid separation in response to nocodazole-induced spindle damage.
Recombinant CENP-E Restores the Checkpoint to CENP-E-Depleted Extracts
Because it is known that CENP-E associates in vitro with known components of the mitotic checkpoint (e.g., MAPK [Zecevic et al., 1998 ] or BUBR1 [Chan et al., 1998 ]), one mechanism through which immunodepletion of CENP-E might suppress the mitotic checkpoint was co-depletion of a CENP-E-associated protein present in limiting amounts. To determine whether the checkpoint suppression was a direct consequence of the loss of CENP-E function, we purified recombinant CENP-E protein from insect cells infected with a baculovirus encoding full-length Xenopus CENP-E. Recombinant CENP-E As an initial test of the functional properties of the fulllength CENP-E, we examined whether the recombinant protein could efficiently bind to kinetochores when added to depleted extracts. As expected, no CENP-E could be detected by immunofluorescence when sperm head nuclei were added to CENP-E-depleted extracts ( Figure 2C, middle) . However, when recombinant CENP-E was added to depleted extracts at a level comparable to the normal concentration of CENP-E in these extracts ( Figure 2B, cf. lanes 1 and 3) , the recombinant CENP-E was found to bind readily in a series of punctate spots associated with chromosomes ( Figure 2C, right) , a pattern indistinguishable from endogenous CENP-E in undepleted extracts (Figure 2C, left) . This indicates that recombinant CENP-E is able to associate with Xenopus kinetochores. Moreover, initial assays for microtubule motor activity revealed that the full-length protein mediates ATP-sensitive microtubule binding and powers ATP-dependent microtubule gliding with motor movement in a plus end direction, as initially demonstrated for a motor-bearing Xenopus CENP-E fragment (Wood et al., 1997) .
To test whether the kinetochore-associated, recombinant CENP-E was capable of restoring the checkpoint to reconstituted extracts, we monitored CDK activity and chromosome condensation after release of CSF arrest in depleted extracts to which the purified CENP-E 
CENP-E Is Necessary for Kinetochore Signaling in the Checkpoint
be recruited to the kinetochores (Chen et al., 1998), A final step in the checkpoint signaling cascade is most likely in a MAD1/MAD2 complex, we also examined thought to be the inhibition of APC-dependent ubiquitin-MAD1 localization in the absence of CENP-E. As shown ation of substrates, of which an essential one is securin.
in Figure 3B , MAD1, like MAD2, fails to localize to kinetoEvidence from several groups has demonstrated that chores in the absence of CENP-E, revealing a requireactivation of APC is prevented by MAD2 in association ment for CENP-E in MAD1 recruitment to kinetochores. with an APC specificity factor known as CDC20 ( 
whether or not CENP-E function had previously been mosomes in mock-depleted or CENP-E-depleted exdisrupted by CENP-E antibody depletion, excess MAD2 tracts for centromere-associated MAD2. This revealed was still able effectively to block mitotic progression, that MAD2 binding to kinetochores was eliminated by as observed by the maintenance of high CDK activity immunodepletion of CENP-E, although it could be easily (Figure 4) or chromosome condensation (not shown). identified at centromeres in extracts with an active
Thus, the CENP-E function in establishing the checkcheckpoint ( Figure 3A, top panels) . Furthermore, because it is known that MAD1 is required for MAD2 to point occurs at a kinetochore-dependent step in the histone kinase activity. Therefore, CENP-E appears to be required for maintaining checkpoint signaling even after full activation.
CENP-E Acts at Kinetochores to Activate or Silence Checkpoint Signaling
Suppression of kinetochore signaling from addition of CENP-E antibodies could arise from antibody-mediated release of CENP-E or by inhibition at the kinetochore of an essential CENP-E activity in checkpoint signaling. To distinguish between these two mechanisms, the checkpoint was activated with high sperm and nocodazole followed by addition of antibodies to the CENP-E tail (including part of the rod; Wood et al., 1997). Whether CENP-E remained kinetochore associated was determined both by standard indirect immunofluorescence localization ( Figure 6D) point signaling (Figure 6 ). This last effect may be most Thus, once both centromeres on each chromosome pair easily explained if the antibody (which binds to the attach to spindle microtubules, CENP-E transduces this CENP-E tail and rod regions) mimics the effect(s) of information to silence kinetochore-dependent checkmicrotubule binding and/or tension, for example, therepoint signaling and the cell cycle transitions to anaby affecting CENP-E interaction with BUBR1 and alterphase. Interaction of kinetochore-bound CENP-E with ing BUBR1 activity (as illustrated in Figure 7) . one or more kinetochore components, especially BUBR1, is a central feature of signaling in this model; hence, at least in this context the checkpoint cannot be activated A Model for CENP-E and Checkpoint Signaling without CENP-E (Figure 7) . Thus, each chromatid (inThe evidence here strongly supports the following deed, each kinetochore-bound molecule of CENP-E/ model for checkpoint signaling in the Xenopus extracts BUBR1) would be potentially capable of arresting the (Figure 7) . On chromosomes that are not attached to cell cycle because each kinetochore can generate the the mitotic spindle, CENP-E initiates checkpoint signalinhibitory signal, a property that accounts for the obsering by binding to and activating one or more signaling vation that even a single unattached kinetochore can factors (e.g., the BUBR1 protein kinase with which it inhibit anaphase (Rieder et al., 1995) . is known to associate in vivo). This would lead to a How could CENP-E sense kinetochore attachment kinetochore-associated signaling cascade with generastatus? There is an ongoing controversy about whether tion of an active form of MAD2. Once activated, MAD2 the checkpoint senses microtubule attachment (Waters would detach from kinetochores, preventing anaphase et al., 1998) or tension at the kinetochore (Nicklas et al., initiation by binding to APC/p55 and thus preventing 1995; Yu et al., 1999) . A microtubule binding protein the degradation of securin. When kinetochore-associwould be strictly required for sensing either of the two ated CENP-E binds to spindle microtubules (or mimphenomena. It is tempting to speculate that CENP-E icked by CENP-E antibody binding to kinetochore-assocould be a tension-sensing molecule because kinesinciated CENP-E; Figure 7) , CENP-E undergoes some like proteins undergo microtubule-dependent conforstructural change that renders it incapable of contributing to the activation of signaling factors such as BUBR1.
mational changes that lead to the production of force.
fraction eluted at Ϸ200-250 mM KCl. Powdered sucrose was added (1996). Anaphase initiation in Saccharomyces cerevisiae is controlled by the APC-dependent degradation of the anaphase inhibitor to a final concentration of 10%, and the peak fraction was frozen in liquid nitrogen and stored at Ϫ70Њ C.
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